Non-linear magnetotransport in microwave-illuminated two-dimensional electron systems 
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We study magnetoresistivity oscillations in a high-mobility two-dimensional electron system subject to both 
microwave and dc electric fields. First, we observe that the oscillation amplitude is a periodic function of the 
inverse magnetic field and is strongly suppressed at microwave frequencies near half-integers of the cyclotron 
frequency. Second, we obtain a complete set of conditions for the differential resistivity extrema and saddle 
points. These findings indicate the importance of scattering without microwave absorption and a special role 
played by microwave-induced scattering events antiparallel to the electric field. 

PACS numbers: 73.40.-c, 73.21.-b, 73.43.-f 
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Over the past few years, it was realized that dc resis- 
tivity of a high-mobility two-dimensional electron system 
(2DES) in very high Landau levels (LLs) exhibits a vari- 
ety of unexpected features when subject to external electric 
fields and sufficiently low temperatures. Relevant phenom- 
ena include microwave (ac)-induced resistance oscillations 
(MIRO)''^ and Hall field (dc)-induced resistance oscillations 
(HIRO)." Microwave-illuminated 2DES became a subject of 
intense experimental^ and theoretical^ interest, following the 
discovery of zero-resistance states (ZRS).''"''^ More recently 
it was demonstrated that the effects of dc electric field^'"' (or 
its combination with microwaves") on electron transport can 
also be quite dramatic leading to zero-differential resistance 
states. 

MIRO and HIRO are periodic in inverse magnetic field l/B 
and originate from inter-LL transitions owing to microwave 
absorption and elastic scattering off short-range disorder, re- 
spectively. MIROs are governed by a parameter = co/loq, 
where co - Inf is the microwave frequency and coc - eB/m* 
is the cyclotron frequency. ' HIROs in turn are controlled by 
fdc = wh/wc, where hcou - 2eERc {E is the Hall field and 
Rc is the Larmour radius) is the Hall voltage across the cy- 
clotron orbit. Experimentally, MIRO maxima'^ '^ are found 
at fac - n - 0ac (n, m e Z^, throughout this paper; 0ac 5 1 /4) 
and HIRO maxim a'"'' '^''^ (measured in differential resistance 
r = dV/dl) occur at edc - n. 

Recently, experimental studies of 2DES were extended into 
the regimes where MIRO and HIRO coexsistjii Magnetic field 
sweeps under microwaves illumination at fixed / suggested 
that the peaks in r occur at 



(1) 



Equation ([T) represents an important result since it indicates 
a dominant role of combined inter-LL transitions that consist 
of an energy jump due to microwave absorption and a space 
jump in the direction parallel to the electric field due to scat- 
tering off impurities. ALL However, there are several issues that 
remained unresolved. First, while Eq. ([TJ correctly reproduces 
HIRO in the limit of vanishing Cac, it fails to describe MIRO. 
Second, according to Eq. ^ the resistivity peaks should con- 
tinuously move to higher B (lower fac) with increasing dc / 
(higher ejc)- Instead, it is observed that the peaks first evolve 



into the minima without changing their positions and then 
abruptly jump to catch up with Eq. ([T]i. Finally, while Eq. ([TJ 
defines the line in the (fac, fdc) plane around which the max- 
ima of r are likely to be found, the precise conditions for eac 
and edc remain unknown. 

It was also recognizedii that at some special values of eac, 
e.g. eac - n + 1 /2, dc electric field has surprisingly little ef- 
fect on r. This observation appears rather puzzling, since in 
the absence of microwave radiation dc field gives rise to a 
drop in r, which can be linked to suppression of elastic im- 
purity scattering''* '^ or inelastic scattering due to dc-induced 
nonequilibrium distribution of electrons. ''' '^ This drop can be 
quite significant as demonstrated by recently reported forma- 
tion of dc-induced zero-differential resistance statesi^iiS 

In this paper, we address all of the above issues. We first ex- 
amine the amplitude, the period, and the phase of differential 
resistivity oscillations in 2DES subject to microwaves and dc 
electric fields both as a function of B at fixed / and as a func- 
tion of / at fixed B. We then analyze differential resistivity 
maps in the (eac, edc) plane and establish the additional con- 
dition that, together with Eq. ([TJ, provides a complete set of 
equations for the resistivity maxima. The results indicate that 
differential resistivity maxima occur when combined transi- 
tions parallel to the electric field are maximized while those 
antiparallel to the electric field are minimized. Finally, in- 
clusion of impurity scattering without microwave absorption 
allows us to explain oscillation suppression at eac - « + 1/2 as 
well as deviations from Eq. ([TJ. 

Our Hall bar sample with lithographic width w = 
100 i-im was fabricated from a symmetrically doped 
GaAs/Alo.24Gao.76As 300-A-wide quantum well grown by 
molecular-beam epitaxy. Ohmic contacts were made by evap- 
orating Au/Ge/Ni and thermal annealing in forming gas. After 
brief illumination at several kelvin, the electron mobility yu and 
the density n^ were ^ 1.2 x 10^ cm^Vs and 3.7 x 10" cm"^, 
respectively. The experiment was performed at a constant 
coolant temperature T ^ 1.5 K in a ^He cryostat equipped 
with a superconducting solenoid. Microwave radiation of 
f - 69 GHz was generated by a Gunn diode seeding a passive 
frequency doubler Differential resistance r was measured by 
using quasi-dc (a few hertz) lock-in technique. 

In Fig.[T](a), we show the differential resistance r under mi- 
crowave illumination acquired by sweeping magnetic field B 
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FIG. 1 : (color online) Microwave magnetoresistance r under dc ex- 
citations, from / = i^A [black curve] to / = 22 yuA [dark blue (dark 
grey) curve], in 2 yuA increments. Integers show the order of the 
MIRO peaks. The arrows mark zero-response nodes that largely re- 
main immune to dc excitation. 

at different constant dc /, from to 22 fiA, in 2 fiA increments. 
At zero dc bias [cf. black curve], we observe a sequence of 
MIRO maxima (marked by n+) and a well developed ZRS. 
With increasing /, maxima (minima) evolve into the minima 
(maxima) without obvious change in the B positions expected 
from Eq. ([TJ. Further, we observe a series of crossing points 
near fac - n,n + 1 /2 [cf. t, i], where / has little effect on mi- 
crowave photoresistance. One can notice that for half-integer 
Eac, this behavior is considerably more robust than for integer 

In Fig.|2ta), we present r as a function of edc at fixed B 
corresponding to fixed e-^^ from 2 to 3 -t- 1/2 (bottom to top) 
in steps of 0.05. Traces are vertically offset for clarity in in- 
crements of 0.4 Q.. There are several issues of interest here: 
the amplitude of the oscillations, the period, and the phase. 
We first examine the evolution of the amplitude of the oscil- 
lations with increasing e^c- Even without compensating for 
the decay due to the Dingle factor, one clearly observes non- 
monotonic dependence of the amplitude on fac- The oscilla- 
tions are maximized at the MIRO extrema, e^^ - n + 1/4, and 
are strongly suppressed near fac -«,«+! /2. Further exami- 
nation reveals substantial difference between integer and half- 
integer fac; while the oscillations are clearly visible at integer 
fac = 2, 3, they virtually disappear at fac = 2 -H 1/2, 3 + 1/2. 
In Fig.|2lb), we show the amplitude of the oscillations Ar as 
a function of tac and conclude that the oscillation strength is 
largely determined by the magnitude of the linear-response 
microwave photoresistance. 

We now turn to the period and the phase of the oscillations. 
First, we observe that the data at integer tac [cf. fac = 2, 3] 
closely mimic HIROii with the maxima occurring at ejc - «■ 
In contrast, traces corresponding to the MIRO maxima and 
minima [cf . fac - 3-1/4 and eac - 3 -H 1 /4] are shifted by a 1 /4 
cycle in the opposite directions and are out of phase. Both of 
these observations are consistent with Eq. However, at the 
intermediate values of fac, e-g- at3 < eac ^ 3-1-1/4, we observe 
systematic deviations from Eq. ([TJ. Indeed, once eac starts to 
increase (decrease) from eac = 3 the peak at edc - 1 moves to 
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FIG. 2: (a) Differential resistance r vs ejc at fixed eac from 2 to 
3.5 in steps of 0.05. Traces are vertically offset in increments of 
0.4 Q.. (b) Amplitude of the oscillations vs tac- (c) Position of the 
resistance maximum extracted from (a) near (tao edc) = (3, 1). Solid 
line corresponds to Eq. l[T). 

lower (higher) edc by ^ 1/4 much faster than expected. This is 
illustrated in Fig.|2jc) where we plot the peak position in the 
(fac, fdc) plane, which is extracted from Fig.|2fa) [circles], and 
the behavior predicted by Eq. ([T]i [straight line]. It confirms 
that Eq. ^ correctly describes the end and middle points of 
the considered interval but fails to account for the evolution at 
the intermediate values. 

We now examine the conditions for the differential resistiv- 
ity maxima and minima. In Fig.[3la) we present greyscale in- 
tensity plot of the differential resistivity in the (eac, fdc) plane 
in the vicinity of (Cac^^dc) - (3, 1). The data readily reveal 
that the maxima (light) appear next to the diagonal given by 
fac + fdc - 4, in general agreement with Eq. ([TJ. We fur- 
ther observe that the maxima are roughly symmetric about 
(eac, edc) = (3, 1) and their corresponding eac and edc are given 
by eac - n + 1/4 and edc - m + 1/4, respectively. Minima 
show similar characteristics but appear along a diagonal given 
by fac - fdc = 2. We thus conclude that maxima^ and minima" 
are symmetrically offset from (eac, fdc) = (fn, n) by ^ +1/4, 

(eac,edc)^^(n + l/4,m+l/4), 
(eac,edc)"-(n±l/4,m±l/4). (2) 

The first equation in Eq. ((2j states that in addition to Eq. ([TJ 
there exists another condition, i.e. eac - fdc = '« - 1 /2, and the 
complete set of equations describing resistance maxima is 

fac + fdc-n, eac - edc - m - 1/2. (3) 

We now look at the r map near half-integer values, i.e. 
(cacfdc) = (7/2, 1/2) which is shown in Fig.[3lb). This re- 
sistivity map appears similar to the one near (eac, ^dc) - (3,1) 
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FIG. 3: (a)[(b)] Greyscale plot of differential resistivity r in the 
(facfdc) plane around (eac^dc) = (3, 1) [(fac, ^dc) = (7/2,1/2)]. 
Dashed lines correspond to integer values of e-^^ + e^^ (negative slope) 
and fac -Edc (positive slope). Vertical lines drawn at the eac = ^ac P^ss 
through the extrema in r. 

shown in Fig.[3la) with one exception: maxima and min- 
ima are shifted further from the image center. This differ- 
ence is explained by the fact that MIRO extrema occur at 
Eac = e^c - n + f/iac,'^''^ whcrc 0ac is considerably smaller 
0.15 in our case) [cf., vertical dashed lines] than a theo- 
retical value of 1 /4. As a result, the eac of the maxima are 
more precisely determined by the positions of the MIRO ex- 
trema observed in linear response. While one can easily mod- 
ify Eq. (|2]i to account for reduced phase of MIRO, we chose 
to leave it as it is to simplify our discussion and comparison 
with future theories. Fig.[3ja) and (b) also reveal existence of 
the saddle points in the resistivity map near (eac, ^dc) - (n, in) 
and (n + l/2,m + 1 /2), respectively. We thus conclude that 
anyi^ (eac, edc) = (n/2,m/2) correspond to a saddle point of 
the resistivity. 

Physically, conditions for the maxima given by Eq. ^ in- 
dicate that not only scattering in the direction parallel to the 
electric field needs to be maximized [first equation], but also 
that scattering in the opposite direction, i.e. antiparallel to the 
electric field, has to be minimized [second equation]. To illus- 
trate this important point, we sketch LLs and relevant electron 
transitions in Fig.|4]as prescribed by Eqs. for n - 3 and 
m - I. Panels (a) and (d), which correspond to the resistivity 
maxima at (eac, ^dc) = (3 + 1 /4, 1 + /I /4), depict transitions to 
the left ending at the LL center (maximized) and transitions to 
the right terminating in the cyclotron gap (minimized). Simi- 
larly, panels (b) and (c) illustrate the conditions for the resis- 
tivity minima at (eac, ^dc) = (3 + 1 /4, 1 + / 1 /4), with suppressed 
transitions to the left and enhanced transitions to the right. Di- 
rect comparison of (a) and (c) [(b) and (d)] illustrates how the 
electric field detunes [tunes] transitions to the left while simul- 
taneously tuning [detuning] transitions to the right, converting 
a maximum [minimum] to a minimum [maximum] . 

We can also understand oscillation suppression observed at 
fac = n -H 1/2 in Fig.|2ja) by taking into account impurity 
scattering events not accompanied by microwave absorption 
[cf. aiTows marked by "dc" in Fig.lU. Let us consider two 
characteristic levels of dc excitation, namely edc = 1/2 and 
edc = 1- At edc = 1/2, elastic transitions end in the cy- 
clotron gap and the correction to the differential resistance 
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FIG. 4: Thick lines represent LLs tilted by dc electric field. Vertical 
(horizontal) arrows represent transitions due to microwave absorp- 
tion (impurity scattering). Inclined arrows show combined transi- 
tions. Conditions for the maxima [minima] are satisfied in (a) and 
(d) [(b) and (c)], respectively. 

is negative fiiii^ii^ Corresponding combined transitions (both 
parallel and antiparallel to E) terminate at the center of the LL, 
since both eac + fdc and eac - ^dc are integers. However, these 
transitions will not compensate each other because of the dif- 
ference in electron distribution function at the final points. In- 
stead, transitions parallel to the electric field will win over the 
transitions antiparallel to the electric field and the correction 
to the differential resistance from both combined processes 
will be positive. At edc = 1, the situation is reversed; elas- 
tic processes are enhanced and give positive correction while 
combined transitions give negative coiTection to the differen- 
tial resistivities. Thus, elastic and combined transitions tend to 
compensate each other in both cases, which result in strongly 
suppressed oscillation amplitude observed at half-integer eac. 

It would be interesting to study the interplay between com- 
bined and elastic scattering processes. This can be achieved 
by tuning the microwave intensity. According to our picture, 
at high enough microwave power, combined processes should 
dominate the response and oscillations at eac - « -i- 1/2 will 
reappear These oscillations should be out of phase compared 
to the oscillations observed at eac - « (or weak microwave in- 
tensities). Since our microwave source was already running at 
full power, we were unable to test this prediction. 

Finally, impurity scattering events without microwave ab- 
sorption are expected to slightly modify Eq. (|2|, by introduc- 
ing additional shift along edc axis. This shift is directed to- 
wards (away from) edc = « for the maxima (minima), respec- 
tively, and can be discerned in our data. We therefore conclude 
that while combined transitions dominate the response, elastic 
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scattering processes also play an important role. 

In summary, we have studied nonlinear resistivity of a 
high-mobility 2DES under microwave illumination. First, 
we have obtained complete sets of conditions for the differ- 
ential resistivity maxima, minima, and saddle points. Sec- 
ond, we have observed that the amplitude of dc-induced os- 
cillations is strongly suppressed at half-integer values of e^^- 
These observations indicate the importance of combined scat- 
tering against electric field and impurity scattering without 



microwave absorption, respectively, providing guidance for 
emergent theories.''''-'^ We expect that similar considerations 
should be applicable for other types of resistance oscillations, 
such as acoustic phonon resonances^! recently observed in 
non-linear resistivity.— 
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